Introduction: Intraocular pressure (IOP) determination using dynamic contour tonometry (DCT) has been considered to be independent of central corneal thickness (CCT), while Goldmann applanation tonometry (GAT) is known to be influenced by various corneal properties. In this study, IOP was measured before and 1 day after cataract surgery using GAT and DCT to investigate the possible effects of corneal edema on IOP measurements. Methods: Thirty patients with advanced cataracts were included in a pilot study. IOP was measured using GAT and DCT before and 1 day after phacoemulsification. CCT was determined before and after surgery to quantify postsurgical corneal edema. Results: CCT increased significantly (by 89.7 ± 107.4 µm, P , 0.0001) 1 day after surgery. No significant difference was found for IOP measurements using GAT and DCT before surgery (mean IOP GAT: 17.5 ± 5.7 mmHg; mean IOP DCT: 17.9 ± 6.4 mmHg; P = 0.67) and 1 day after surgery (mean IOP GAT: 16.1 ± 6.6 mmHg; mean IOP DCT: 16.8 ± 8.3 mmHg; P = 0.69). IOP values using GAT and DCT were significantly correlated before as well as 1 day after surgery (before surgery: r = 0.82, P # 0.0001; after surgery r = 0.83, P , 0.0001). Bland-Altman plots showed a high variability in the difference in IOP measurements between methods before and 1 day after surgery. Conclusion: GAT and DCT seem to be equally valuable in IOP determination in postsurgical central corneal edema, although large differences between both methods are present in individual patients. IOP evaluation in corneal edema remains a difficult clinical challenge.
Introduction
Intraocular pressure (IOP) is generally a fundamental clinical parameter in ophthalmology; in addition, it specifically concerns patients suffering from glaucoma. For this reason, it is of particular interest for clinical investigators to always question the current gold standard -Goldmann applanation tonometry (GAT) -and consider replacing it if a new, more precise method seems to be valid. This may be particularly true if tonometry is performed and the findings deviate from presumed normal ocular conditions, such as corneal edema. [1] [2] [3] It is well known that the principle of applanation tonometry is influenced by the properties of the cornea, scleral rigidity, bulb dimensions, ocular muscle contractions, and arterial and venous pressure, even if measurements are accurately performed. 1 In 1957, Goldmann 2 was aware that applanation tonometry is subject to systemic errors due to nonstandard properties. The European Glaucoma Society outlines the most important clinical factors that influence GAT (ie, refractive aberration, astigmatism, tear film, corneal edema, corneal thickness, and refractive surgery). 3 Several attempts have been made to correct IOP with respect to differences in structural corneal thickness, as IOP measurements using GAT are overestimated in thicker corneas. 3 Schneider and Grehn 4 recommend a correction of GAT measurements by 4.5 mmHg per 100 µm deviation from the mean central corneal thickness (CCT) of 551.43 µm. The Dresden correction formula recommends a 0.4 mmHg correction per 10 µm deviation from a mean CCT of 550 µm. 5 Corneal biomechanical properties can also have a significant effect on GAT measurements. 6 Dynamic contour tonometry (DCT) is a noninvasive method of determining IOP that uses a pressure-sensitive tip shaped like the surface of the central cornea. Therefore, it is intended to measure IOP with minimal deformation of the cornea to avoid dependencies in changes in corneal properties. 7 In recent studies, GAT and DCT have been compared in healthy subjects with corneas of varying substantial thickness. 8 IOP measurements using DCT seem to be independent of corneal thickness in cases of structurally thickened corneas, even though this is controversial. 4, [8] [9] [10] [11] Other studies compared GAT and DCT measurements after refractive surgery, such as with laser in situ keratomileusis. GAT showed significantly lower IOP values postoperatively because of the thinner cornea, whereas DCT is not influenced by this procedure. 11, 12 In contrast to tonometry in structurally thick corneas, IOP measurements with GAT in corneal edema seem to be more complex. In routine clinical procedures, IOP may be measured as being artificially too low in edematous thickened corneas using GAT. 3 Kniestedt et al 13 found DCT to be closer to manometric measurements as compared to GAT, independent to the hydration status of the cornea in a study using cadaver eyes. In contrast, Oh et al 14 reported that contact lens-induced mild corneal edema (mean increase of 20.6 ± 12.9 µm) affects DCT more than GAT. The increase in CCT induced a mild IOP decrease using GAT or DCT. Interestingly, others found an increase in GAT values in mild corneal edema. 15, 16 The purpose of this study was to compare IOP determination by GAT and DCT in postsurgical corneal edema after cataract surgery and to compare these differences to IOP values before cataract surgery.
Patients and methods
Thirty consecutive patients with advanced cataracts who were planned for phacoemulsification were included in a pilot study (17 men, 13 women; mean age 69.7 ± 10 years, range 46-84 years). Patients with corneal disease affecting IOP measurements were excluded from the study. Patients with glaucoma were not excluded. Patients with refractive aberrations $ 8 diopters were excluded. Adherence to the Declaration of Helsinki for research involving human subjects is confirmed. The study was approved by the RWTH Aachen University review board.
The study subjects had successfully undergone phacoemulsification under regional (peribulbar or topical) anesthesia with intracapsular lens implantation. All operations were performed by one experienced surgeon (AR). Phacoemulsification was followed by intracapsular implantation of a foldable acrylic lens (Acrilyc 44S; Acri.Tec GmbH, Hennigsdorf, Germany) in all subjects.
All examinations were performed in the same order before and 1 day after surgery by one examiner (CR). After a detailed slit lamp examination, postsurgical corneal edema was quantified using CCT determination, followed by IOP measurements (first GAT, secondly DCT). IOP measurements were performed once with each method.
CCT was determined by using a Scheimpflug camera system (Pentacam ® ; OCULUS Optikgeräte GmbH, Wetzlar, Germany).
IOP was measured by means of GAT (Haag-Streit Immobilien AG, Köniz, Switzerland) and DCT (Pascal ® ; SMT Swiss Microtechnology AG, Port, Switzerland) before and 1 day after cataract surgery. The tonometers were mounted on a slit lamp and the measurement was performed with the patient in an upright sitting position accordingly. Before IOP measurements were taken, the cornea was anesthetized with Proparakain-POS ® 0.5% (Ursapharm Arzneimittel GmbH, Saarbruecken, Germany) eye drops (proxymetacain-HCl). GAT measurements were always performed first to prevent operator bias related to DCT readings. DCT measurements were performed directly after GAT measurements. DCT measurements were based on at least five oscillations. A quality index (Q) score of 3 or better was accepted.
statistical analysis
Correlations were tested using the Fisher's r-to-z test. To compare the two IOP-measurement methods (GAT and DCT), Bland-Altman plots were used. The Bland-Altman plot displays the differences between two measurement methods against the mean value of both methods. A paired t-test is used for comparison within the groups (eg, GAT pre-and postsurgery; GAT versus DCT within the groups).
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Results
CCT increased signif icantly from before surgery (545.9 ± 57.3 µm; range 401-646 µm) to 1 day after surgery (635.6 ± 119.6 µm; range 458-965 µm; P , 0.0001). The mean increase in CCT from before to 1 day after surgery was 89.7 ± 107.4 µm.
No significant difference was found for IOP measurements using GAT and DCT before surgery (mean IOP GAT: 17.5 ± 5.7 mmHg; mean IOP DCT: 17.9 ± 6.4 mmHg; P = 0.67) and 1 day after surgery (mean IOP GAT: 16.1 ± 6.6 mmHg, mean IOP DCT: 16.8 ± 8.3 mmHg; P = 0.69). IOP values using GAT were significantly correlated with DCT measurements before surgery (r = 0.82; P , 0.0001) and 1 day after surgery (r = 0.83; P , 0.0001). Bland-Altman plots for a comparison between GAT and DCT measurements are presented for before surgery values ( Figure 1 ) and for values obtained 1 day after surgery (Figure 2 ). The Bland-Altman-plot for 1 day after surgery IOP values was split by larger (ie, .100 µm; n = 7) and smaller (ie, #100 µm; n = 23) postsurgical increases in CCT. The mean difference between IOP measurements using GAT compared to DCT before surgery was −0.45 ± 4.0 mmHg (range −8.1 to +9.0 mmHg). The mean difference between IOP measurements using GAT compared to DCT 1 day after surgery was −0.75 ± 4.3 mmHg (range −9.0 to +6.9 mmHg).
The change in IOP before to 1 day after surgery using GAT was not significantly correlated to the change in CCT (r = −0.19; P = 0.33). The change in IOP before to 1 day after surgery using DCT was not significantly correlated to the change in CCT (r = −0.29; P = 0.12).
Discussion
Many influencing factors are known concerning IOP determination using GAT. 1 Considerable increases in corneal thickness due to edema lead to false low measurements in GAT. Moses 17 showed in enucleated edematous eyes that IOP determination using GAT may show differences of up to 20 mmHg in cases of real IOP levels of 60 mmHg. Stelzer 18 realized that the area of applanation by a fixed force is larger in eyes with edematous corneas than in eyes without corneal edema, which would lead to an underestimation of IOP. In contrast to corneal edema, increased structural central corneal thickness is known to increase GAT measurements, while thin corneas cause false to low measurements. Ehlers et al 19 found that a CCT of 0.59 mm would effect a 4.7 mmHg overestimation in the case of a real IOP of 20 mmHg. This is in accordance with the correction formulas from Schneider and Grehn, 4 and the Dresden correction formula in thin corneas, while correction values differ in corneas of increased thickness. 5 DCT is a method to measure IOP by using a pressuresensitive tip that is closely shaped following the corneal curvature to minimize the corneal deformation. The forces of both sides of the cornea are meant to be nearly equal during the measurement. 7 DCT measurements have been shown to be independent of structural changes of the cornea such as corneal edema or CCT. 4, [9] [10] [11] [12] [13] 20, 21 However, some authors describe that DCT is not completely independent from central corneal thickness or corneal edema.
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Notes:
The Bland-Altman plot is split by larger (ie, .100 µm; n = 7) and smaller (ie, #100 µm; n = 23) increases in CCT. Abbreviations: GAT, Goldmann applanation tonometry; DCT, dynamic contour tonometry; sD, standard deviation; CCT, central corneal thickness; iOP, intraocular pressure. of 20.6 µm from baseline values of 532.6 µm. In their study, a nonstatistically significant decrease of GAT values (by 0.43 ± 1.95 mmHg; P = 0.17) and a statistically significant decrease in DCT values (by 0.75 ± 1.74 mmHg; P = 0.01) was observed. In contrast, Hamilton et al 15 induced monocular corneal edema by contact lens-induced hypoxia and induced an increase of 48.3 µm from baseline CCT values of 545.0 µm. A statistically significant increase in GAT values by +1.5 ± 2.8 mmHg (P = 0.007) and a decrease in DCT values (−0.7 ± 1.1 mmHg; P = 0.001) was found. Kniestedt et al 13 examined freshly enucleated and deepithelialized eyes in different hydration conditions and found consistently lower values in GAT than in intraocular measured IOP, while DCT showed no significant difference in IOP values obtained in different hydration conditions. Interestingly, the effect of postsurgical corneal edema on IOP readings was not different in both methods in our study. The difference of both methods before and 1 day after surgery was similar regarding the mean difference of IOP readings, Bland-Altman-plots, or the high variability of the differences concerning individual IOP values. This seems to be the case in moderate (CCT increase , 100 µm) to pronounced corneal edema (CCT increase . 100 µm). Thus, the effect of corneal edema on IOP determination using either method seems to be comparable. However, only IOP measurements with both methods and manometry in an in vivo human experimental setup in corneal edema might give insights as to the fault magnitude concerning IOP determination using GAT or DCT. Secondly, our data suggest that if corneal edema has a significant effect on IOP readings using GAT, this might also be true for DCT measurements. This might be in contrast to previous studies by Hamilton et al 15 and Kniestedt et al. 13 For routine clinical IOP determination in corneal edema -in contrast to structural thicker corneas -our data do not support the idea that GAT be replaced by DCT. In our experimental setup, DCT was always the first method used for IOP determination. GAT measurements might have had an influence on DCT readings related to corneal applanation, thus confounding the results. The effect of GAT measurement on corneal biomechanical properties remains speculative; this is true for patients with and without corneal edema. However, from our point of view, the effect of examiner bias might be more relevant if GAT is performed after DCT, as GAT measurement is more operator-dependent and thus might be influenced if the operator is aware of the DCT readings. Another limitation of our study is the relatively low sample size, as well as the large range of the patients' ages, which could confound the results as age-related changes in biomechanics might be relevant. In addition, intraobserver variability of IOP determination using GAT or DCT could be analyzed in more detail. However, this study was performed using a clinical setting of one measurement using either method. In routine clinical practice, IOP measurement is usually performed once.
Corneal edema affects corneal rigidity and structure. These alterations cannot be easily differentiated in patients. Therefore, IOP-measurements in corneal edema are more complex compared to structurally thickened corneas. Lau et al 16 correlated the changes in corneal biomechanics with IOP readings with induced mild corneal swelling. The GAT overestimation was partially characterized by the corneal resistance factor, which represented increased corneal rigidity.
The difference between IOP values using GAT and DCT was up to 9 mmHg for individual IOP values. Considering a single patient with corneal swelling, it is not possible to determine why GAT is higher compared to DCT and vice versa. This is also true for the estimation of the real IOP using either GAT or DCT. Therefore, clinical routine estimations of IOP in corneal edema remain complex in an individual patient.
To summarize, IOP measurements in corneal edema using GAT and DCT are significantly correlated. The change in IOP is not correlated with the extent of the corneal edema. Bland-Altman plots do not suggest that DCT is superior to GAT in estimating IOP in postsurgical corneal edema. In individual patients, IOP values may be markedly different using both methods.
